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THE PHOTOSENSITIZING ACTIVITY OF CHLOROPHYLL IN COACERVATES

K. B. Serebrovskaya, V. B. Yevstigneyev, V. A. Gavrilova, A. I. Oparin
(Institute of Biochemistry imeni A.N. Bakh, Academy of Sciences USSR, Moscow)

Coacervates containing chlorophyll are derived from
serum albumin and potassium oleate in 507% alcohol.
Experiments with coacervates having a definite chlorophyll
content showed that the photosensitizing activity in the
coacervate, chlorophyll-containing drops is significantly
higher than in the surrounding liquid, which also contains
chlorophyll. This paper presents some considerations
to explain this phenomenon.

According to modern ideas (Ref. 1), the formation of coacervates in the 34%
hydrosphere was an important step in the origin of life. The characteristic
feature of living matter is the constant interchange of substances and energy
with the surrounding enviromment; in this sense, all living organisms belong
to the so-called open systems. A stationary state in an opén system is
always supported by the use of energy which must come from the environment in
the form of chemical or radiant energy (Ref. 2).

From this viewpoint, a very important role in the development of life can
be attributed to coacervate systems, which include the porphyrins, which are
capable of converting the energy of a ray of the Sun into energy of the system.
Colored compounds of this type may, as has now been established (Ref. 3, 4),
be abiogenetically synthesized.

The Dutch school of experimenters has demonstrated that coacervate drops
may, on the one hand, adsorb dyes (Ref. 5) and, on the other, may be formed
under the effect of dyes (Ref. 6). It should therefore be expected that it
would be possible artificially to derive coacervates which contained chloro-
phyll.

It has recently been shown that chlorophyll is capable of sensitizing the
reactions of oxidation and reduction in the adsorbed (Ref. 7) and aggregated
state (Ref, 8). In these cases the sensitizing action of chlorophyll apparent-
'1ly unfolds on the boundary between the reinforced sensitizer-pigment molecules
and the aqueous medium containing the electron donor and acceptor (hydrogen).

In the first approximation, chlorophyll adsorbates may be regarded as
models approximating the natural state of the chlorophyll in the chloroplast
granules, where this pigment is concentrated in the form of thin, possibly
-monomolecular layers on a proteolipide carrier (Ref. 9). It should therefore
be expected that the chlorophyll contained in coacervates might also possess
the capacity of photosensitivation. From the methodological viewpoint, it
would be very interesting to discover a fact of this sort, and it would open
paths to further investigations.

* Numbers in the margin indicate pagination in the original foreign text.



Production of Coacervates Containing Chlorophyll

When producing coacervates for the above-indicated simulation, we pro-
ceeded from the fact that the bulk of the chloroplast granule is composed of
proteins bound with lipides. In our work we therefore utilized a proteolipide
coacervate derived according to the Bungenberg-de-Jong method (Ref. 10). The
liquid phase of this coacervate comprised 50% ethyl alcohol. Human serum
albumin obtained from the Vaccine and Serum Institute imeni I. I. Mechnikov
was used as the protein component of the coacervate. This protein was chosen
because its isoelectric point is close to that of the gelatin utilized by
Bungenberg~de~Jong. The lipide component of the coacervate was oleic acid.

To maintain the necessary pH, we used potassium tetraborate which we ob-
tained by order of the Institute of Pure Reagents.

135

The coacervate was produced as follows: 370 mg of oleic acid and 73 mg of

KOH were dissolved in 10 cc of a 0.27% solution of K2B407. 200 mg of protein

was dissolved in the same quantity of 0.2% solution of tetraborate. These
solutions were mixed and gave a so-called reserve solution, which was stored
at 4°C in a refrigerator. To form the coacervate, 0.5 cc of 0.75M KC1 was
added to 1 cc of the reserve solution. When an equal volume of concentrated

solution of chlorophyll in alcohol (E665 = 60) was added to this coacervate
coacervate suspension

suspension,éh 507% alcohol was formed, and thus a ternary coacervate of protein-
lipide-chlorophyll composition was obtained. The results derived from studying

the composition of the coacervate derived are shown in Table 1.

TABLE 1

BASIC COMPOSITION OF COACERVATE OF SERUM ALBUMIN, POTASSIUM OLEATE,
AND CHLOROPHYLL IN A 507 STANDARD*

Phase Distribution of Substance, 7% Percentage of

TR : Each Component

Substance Equilibrium Liquid Drops of Total Drop

Mass

1 2 3 4 5 6
1. Protein 45 17.2 55 137.5 32
2, Lipide 30 11.5 70 175.0 63
3., Chlorophyll 16 6.1 84 210.0 5

* Computation of the figures in columns 3 and 5 started with data in
columns 2 and 4 and the volume of coacervate drops comprising 10%
of the whole suspension.

The following methods were applied to analyze coacervate composition.
The protein was determined according to the method of Kjeldahl*. To determine

* T. L. Auerman and N. V, Vasil'yeva determined the protein and ascorbic acid.



the chlorophyll, 3 cc of coacervate suspension was centrifuged at 2000 rpm for
10 minutes, the supernatant was diluted five times, and its optical density at
665 millimicrons (E665) was found on a SF-4 spectrophotometer. The coacervate

residue was dissolved in 15 cc of alcohol, diluted 50 times, and the E665 was

+

measured. We were unsuccessful in performing a quantitative extraction of the
lipide from the residue and particularly from the equilibrium liquid, since
residue and liquid also contain the second lyophobic substance —- chlorophyll.
We therefore determined the lipide by the difference when we knew the dry
weight of the residue and the content in protein and chlorophyll.

The table shows that the bulk of the chlorophyll is concentrated in drops.
The protein and lipide are also noticeably concentrated in drops.

Within certain limits, the period of centrifuging exerted no effect on the
completeness with which the coacervate drops were precipated. The equilibrium

liquid in all cases contained practically no drops (inspection at a magnifica-
tion of 900 times under the microscope) (Table 2).

TABLE 2

EFFECT OF CENTRIFUGING PERIOD ON PRECIPITATION OF COACERVATE DROPS

Centrifuging Period, min 5 10 15 20 25

Chlorophyll in Equilibrium Liquid,
% of that used in experiment 17.4 16,3 | 16.3 | 15.4 | 14.1

It was interesting to note out how different concentrations of chlorophyll/36
in the alcoholic solution to be added affected drop formation, as well as
whether chlorophyll concentration in the drops depended on chlorophyll content
"in this solution. Chlorophyll solutions with E665 values of 60, 30, 15, 7.5,

3.75, 1.87, and 0.94 were taken for experimentation. One and a half cc of each
solution was added to 1.5 cc of coacervate suspension, and after drop formation
this was centrifuged for 10 minutes. From the supernatant, which was a homo-
geneous liquid, we took 0.6 cc and added it to 6 cc of the dilution mixture.
This mixture was prepared from 1 volume of the tetraborate used in the experi-
ment, 0.5 volume of 0.75M KC1l, and 1.5 volume of alcohol -- i.e., in the same
ratio of osmotic factors in the medium as in coacervation. The dilute equili-
brium liquid was subjected to spectrophotometry at 665 millimicronms.

The volume of coacervate drops in the suspension was determined by the
following direct method. The coacervate suspensions were centrifuged at 2000
rpm for 10 minutes. The equilibrium liquid was carefully decanted from the
residue, and its volume was measured. The equilibrium liquid volume in all
chlorophyll concentrationswhich we studied proved to be 2.7 cc —— i.e., the

drops comprised about 107 of the volume of the whole suspension.



where Vc is the coacervate layer volume, and n,s D, and n s respectively, are

Frdﬁmthe literature, the following formula for determining coacervate
residue volume by a refractometer is familiar (Ref. 11):

N, =i,
V=100, 222 <.

Ilc —n,

11

<
L}

the refractive indices of the coacervate layer, equilibrium liquid, and the
system without coacervate.

coefficient of refraction, which is required for calculations according to the

formula. On the basis of the measurement results which we obtained, however,

We attempted to use this method for verifying the results of direct
measurement, but we were unsuccessful in determining the coacervate layer's

we were able to conclude that the main influence on the coacervate of serum
albumin and potassium oleate is exerted by the alcohol, while changes in

chlorophyll concentration have no perceptible effect on the volume of the co-

acervate layer.
rium liquid does not change, then the data on the coacervate layer volume -—-—

which we obtained by a coarser method -- nevertheless reflect the actual state

of affairs.

It may be assumed that if the refractive index of the equilib-

TABLE

3

EFFECT OF CHLOROPHYLL SOLUTION CONCENTRATION ON DISTRIBUTION
OF PIGMENT AMONG COACERVATE PHASES

~ Equili- 5665 8 Ey
] Reside |brium )
J¥ E665 Volume [Liquid Of | Of mg of of Quantity | Dry
) vOiume Drop |Equili-|l 4 Drop [Equili- [Ratio |Weight
A brium gnd brium of
2 Liquid § Liquid Residue
! | | 4 5 . 6 i ! s | 9 T
| | | | ! f
) | | 193,05 | 43[10,08] 71,20 1 7.0 10,0005
2ok ! 4,07 181,98 | 20110758| 82,79 | 31 | 010066
./; i ’1.72(_')! E ! 2,7’( )0,70 19 7’12 1/1,:8 2’0 0’0054
AL BT 04 2,6 1,67 15,60 gl 4.4 6,24 14 0.0039
] ? i 3
o | o I P 0,021 T 81 23y 2,85 1,2 | 0,0038
6 | 004 i Loas | ass | oo 1z 153 71000035
o 0’/]7j | | 0,26 1,58 6 0,068 0,65 0,9 0,0024

Table 3 summarizes the findings obtained on the influence of chlorophyll

‘solution concentration, which is added during coacervate formation, upon the
chlorophyll distribution between the equilibrium liquid and drops.

gives the optical density at 665 millimicrons after a twofold volume increase

when the solutions are mixed.

rium liquid (e.l.) after centrifuging.

4,

Column 6 gives the measured values of the optimum density of the equilib-
Column 5 gives optical density of

Column 2

/37




drops computed from measurement of e.,l, E and consideration of drop volume,

665
Columns 8 and 9 show the amount of chlorophyll in conventional units (extinc-
tion per unit of volume is taken as the unit) in liquid and drops.

The data in Table 3 once more (see Table 1) indicate that there is a
strong concentration of chlorophyll in the coacervate drops; in all cases the
extinction coefficient of the drops is considerably higher than that of the
equilibrium solution. The extinction ratio increases as concentration of the
original solution becomes greater.

Pigment concentration in the drops is apparently primarily associated with
increased concentration of the basic coacervate components -- protein and
lipide -- which include the chlorophyll. However, as follows from Table 1,
the concentration of these components in the drops goes up perceptibly less
than does pigment concentration. The conditions for adsorption of chlorophyll
on the protein and lipide are apparently generally more favorable in the drops
than in the equilibrium liquid.

The reason why the dry weight of the drop residue (Table 3, column 11) in
an identical volume noticeably decreases as concentration of the original
chlorophyll solution diminishes is not entirely clear. It may be assumed that
this involves, first, a reduction in the amount of chlorophyll entering the
drops, and, secondly, the lesser hydration of the protein-lipide complex when
there is a large amount of pigment.

It is as yet difficult to say with exactitude in what state the chlorophyll
in the investigated coacervate system occurs. However, the presence of an
appreciable amount of pigment in the equilibrium liquid, the red fluorescence
of the drops and equilibrium liquid, and the results of microscopic observa-
tions foster the conclusion that the chlorophyll in this system is chiefly in
a state of adsorption on the molecules of the protein-lipide complex ~- in the
same way as on detergents.

Because of decreased molecule hydration in coacervate formation, the con-
ditions for chlorophyll adsorption become even more favorable, which leads to
increased chlorophyll concentration in the drops.

When more concentrated chlorophyll solutions are used -- as, for example,
in experiments 1 and 2 (Table 3) -- surface adsorption of chlorophyll on the
molecule aggregates may apparently also occur. An indication of this is the
fact that the chlorophyll passes into solution more readily in this case when
washing with the equilibrium liquid (without chlorophyll).

Photochemical Experiments

To study the photosensitizing capacity of chlorophyll found in coacervates,
we selected the reaction of reducing methyl red by ascorbic acid. These com-
pounds do not interact in darkness. This reaction has been repeatedly employed
in previous experiments (Ref. 7 - 9).




Methyl red and ascorbic acid were introduced into a coacervate suspension
containing chlorophyll, and the mixture obtained was illuminated under anaero-
bic conditions through a red filter passing light absorbed only by the chloro-
phyll.

If the chlorophyll possesses photosensitizing activity, the methyl red
should gradually lose color under illumination, as may be judged by the find-
ings of spectrophotometry at 520 millimicrons.

i‘_/giim —aési* | Figure 1 gives the results of one /38

- i of these experiments. It follows from

{ this that the chlorophyll in the coacer-
vate system does in fact -- like aggre-

gated and adsorbed chlorophyll -- have
the capacity to photosensitize oxida-
tion and reduction reactions.

The coacervate system, however, is
distinguished from the above-mentioned
systems in that the pigment is contained
in this case not only in the concen-
trated structures, but also in the

» R kT surrounding liquid. Therefore, the
(c question arises as to the relative photo-
- chemical role of the pigment situated in
Figure 1 one phase or the other.
(a) - Darkness; (b) - Light; To resolve this question we centri-
(¢) - t, min fuged the equilibrium liquid from the

coacervate drops, conducted the photo-

chemical reaction with it, and compared
the efficiency of this reaction with that when the unseparated coacervate sys-
tem was used.

From the previous experiments, it had become clear that it was necessary
‘to conduct similar experiments with coacervates containing a small quantity of
chlorophyll, because the high chlorophyll concentration in the drops caused
severe screening and, as a result, reduced the efficiency of the action of
the light absorbed. In experiments with concentrated solutions (e.g., as at
the top of Table 3), removal of the coacervate residue by centrifuging not
only did not reduce, but even accelerated, the speed of the photosensitizing
reaction.

7 Figure 2 gives the results of comparing the course of the methyl-red
‘decolorizing reaction when using coacervates obtained by employing very dilute
solutions of chlorophyll in alcohol (1 -- equilibrium liquid, 2 -- suspension).
We may see that in these cases, reaction efficiency is perceptibly higher in
the presence of drops.

It should be mentioned that, in order to conduct spectrophotometric mea-
surements, the photochemical experiments were in every case carried out with

6.
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elevenfold dilution of the original suspension. The volume of the drops in
these experiments, therefore, did not exceed 17 of the total volume. In spite
of this small volume, the presence of drops in the solution exerted a clearly
apparent accelerating effect on the course of the reaction.

In Table 4 we have attempted to make a numerical comparison of the effi- /39

ciency of the sensitizing action of the equilibrium liquid and of the drops and
have scaled this efficiency per unit of volume.

TABLE 4

SENSITIZING EFFECT IN SUSPENSION AND EQUILIBRIUM LIQUID

Rate per Unit
R . V¢, in p Rate Ratio
Quantity| V, in | 1 77 V-V; |of Volume at
of Suspen| Equili-| . per Volu-
Chloro- | sion |PTYium Drops of eqﬁﬂ of |metric Unit
phyll Liquid Iibrium| drop
! 2 3 4 5 6 7|
|
0,47 36 3 3 8,25 75,00 9
0,24 46 31 15 7,75 | 375,00 8
0,12 38 21 17 5,25 425,00 8L
0,06 23 17 16 4,25 | 150,00 35 l

As the measure of the reaction rate, we conventionally chose the quantity
of methyl~red decolored in the first minute of illumination expressed as a
percentage of its original quantity, which was almost the same in all experi-
ments (columns 2 and 3).

The portion of decolored methyl red per drop (column 4) was obtained as
.the difference between the data in columns 2 and 3.

The figures of columns 5 and 6, derived by dividing the figures in columms
3 and 4 by the volumes of liquid and residue (4 cc and 0.04 cc), respectively,
show the amount of methyl-red which would be decolored in the presence of a




unit volume of the equilibrium liquid (column 5) and of the drops (column 6).
These figures clearly indicate the substantially greater efficiency of the
sensitizing action of the coacervate drops in comparison to the similar influ-
ence of the equilibrium liquid.

It is natural that the reason for this fact is the appreciably greater
chlorophyll concentration in the drops. However, a simple calculation shows
that the ratio of chlorophyll concentration in drops and liquid is after all
perceptibly less than the corresponding ratio of the reaction rates.

If, in fact, we take as an example the experiment with an initial chloro-
phyll optical density of E665 = 0.12, then the data in columns 5 and 6 of

Table 3 (taking into account the elevenfold dilution of the equilibrium liquid)
indicate that the concentration of chlorophyll in the drops -- which has re-
mained unchanged during dilution of the suspension -~ exceeds its concentration
in the equilibrium liquid by a factor of 2.5 x 11 = about 28, while the reac-
tion is 81 times more intense (column 7, Table 4).

From this it follows that the intensity of the photosensitizing action of
the chlorophyll in the drops at the given initial concentration is 2 to 2.5
times higher than in the equilibrium liquid.

A similar picture is also derived in the case of even more dilute solu-
tions. For a case with E665 = 0.06, there was a rise in chlorophyll concentra-

tion of 1.7 x 11 = 19 times, while the reaction rate rose by a factor of 35.

In the coacervate drops, conditions are therefore apparently established
which favor a certain intensification of the photosensitizing activity of
chlorophyll. The cause of this may be the change in the state of the chloro-
phyll itself, which in our case is unlikely., At the same time there may be
an improvement in the conditions under which the reaction takes its course,
an improvement which depends on the other reaction components -~ hydrogen donor
and acceptor, in particular -- because of their partial adsorption.

In order to derive data on the effect exerted by coacervate drop formation/40
on the phase distribution of ascorbic acid and methyl-red, we determined the
content of these substances in the whole system and in the equilibrium liquid
after centrifuging. Coacervate solutions diluted eleven times were utilized
for the experiments. The methyl-red was spectrophotometrically determined at
520 millimicrons. The ascorbic acid was found by Fujita and Ebihara's method
(Ref. 12) with 2,6-dichlorophenylindophenol.

The findings listed in Table 5 indicate that the ascorbic acid is appar-
ently uniformly distributed through the whole system, while the methyl-red is
‘concentrated in the drops, but to an appreciably lesser degree than chlorophyll
If, however, we take the small volume of the drops into consideration, then
the lesser extinction of the methyl-red in the equilibrium liquid may after all
signify a substantial concentration of dye in the drops, and this may be con-
ducive to development of the photosensitized reaction.




TABLE 5

DISTRIBUTION OF DYE AND ASCORBIC ACID BETWEEN COACERVATE PHASES

Mixture Name Ascorbic | Phase Dye,
ACid, ccC E520

1. Coacervate 36.6 0.422

2. Equilibrium liquid 36.6 0.395

The experiments described therefore indicate that the formation of coacer-
vates apparently favors the photosensitizing activity of the pigment, in com-~
parison to the system with uniform distribution of the sensitizer.

The coacervate drops may apparently be regarded as circulating systems in

which the electron donor and acceptor (hydrogen) are continually entering and
from which the reaction products leave

S—~L~}X—»B-—¢—+Z

As a result of the great intensity of the sensitized reduction of methyl-
red by ascorbic acid within the drops, the concentration of these substances
in the drops in fact rapidly becomesless than that in the equilibrium liquid.
As a consequence there is intensive diffusion of these reagents from the ex-
ternal liquid within the drops. At the same time the great concentration of

reaction products within the drops causes them to diffuse into the surrounding
solution
Sv -

We should like to regard the chlorophyll-containing, illuminated coacer-
vate drops as one of the most primitive forms of metabolism, which takes place
under the influence of absorbed light energy.

Conclusions

1. Coacervates containing chlorophyll are derived from serum albumin and
potassium oleate in 507 alcohol. Pigment concentration in the coacervate
drops proved to be substantially higher than in the equilibrium liquid. TFrom
a series of observations, it may be assumed that the chlorophyll in the given
system is chiefly found in the adsorbed state on the molecules of the proteoli-
pide complex, which acts as a detergent.

2. The chlorophyll-containing coacervate suspension has a photosensi-
tizing influence upon the oxidation-reduction reaction between methyl-red and
ascorbic acid, which do not react with each other in darkness.

Experiments with coacervates having a definite chlorophyll content showed
that the photosensitizing activity in the coacervate, chlorophyll-containing
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drops is significantly higher than in the surrounding liquid, which also con-
tains chlorophyll. This paper presents some considerations to explain this
phenomenon.
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